The genome of feline calicivirus (FCV) is an ϳ7.7-kb single-stranded positive-sense RNA molecule that is polyadenylated at its 3 end and covalently linked to a VPg protein (calculated mass, 12.6 kDa) at its 5 end. We performed a mutational analysis of the VPg protein in order to identify amino acids potentially involved in linkage to the genome and replication. The tyrosine residues at positions 12, 24, 76, and 104 were changed to alanines by mutagenesis of an infectious FCV cDNA clone. Viruses were recovered when Tyr-12, Tyr-76, or Tyr-104 of the VPg protein was changed to alanine, but virus was not recovered when Tyr-24 was changed to alanine. Growth properties of the recovered viruses were similar to those of the parental virus. We examined whether the amino acids serine, threonine, and phenylalanine could substitute for the tyrosine at position 24, but these mutations were lethal as well. A tyrosine at this relative position is conserved among all calicivirus VPg proteins examined thus far, suggesting that the VPg protein of caliciviruses, like those of picornaviruses and potyviruses, utilizes tyrosine in the formation of a covalent bond with RNA.
Feline calicivirus (FCV), a member of the genus Vesivirus in the family Caliciviridae, is one of the major etiologic agents of respiratory illness in cats (9, 14) . The genome of FCV is an ϳ7.7-kb single-stranded positive-sense RNA molecule that is covalently linked to a protein designated VPg (virion protein, linked to genome) at its 5Ј end and polyadenylated at its 3Ј end (4, 12) . The FCV genome is organized into three major open reading frames (ORFs). ORF1 encodes a 200-kDa polyprotein that is processed by the virus-encoded 3C-like cysteine proteinase into p5.6, p32, p39 (NTPase), p30, p13 (VPg), and p76 (Pro-Pol) (28, 32) . ORF2 encodes a 73-kDa capsid precursor (preVP1) that is also cleaved by the cysteine proteinase to yield the 14-kDa capsid leader and the 60-kDa major mature capsid protein VP1 (5, 31) . ORF3 encodes a 12-kDa basic protein (VP2) of unknown function (11) .
Early after FCV infection, the genomic RNA interacts with the cellular machinery to initiate translation. The VPg protein may play an important role in this early event, because treatment of genomic calicivirus RNA with proteinase K abolishes its infectivity and, in addition, decreases its translation efficiency in vitro (2, 12) . The infectivity of RNA transcribed from a full-length cDNA clone of FCV is dependent on its synthesis in the presence of a cap analog, which suggests that the cap might substitute for the role of VPg in the initiation of infection (27) . Of interest, sequence similarities between the calicivirus VPg protein and the eukaryotic translation initiation factor eIF1A have been described (32) and recent studies have reported an interaction between the norovirus VPg protein and eIF3 (6) . Although the calicivirus VPg protein has been implicated in translation, its function is not clear. The recent observation that the VPg protein of rabbit hemorrhagic disease virus (RHDV) was uridylylated in vitro by recombinant RHDV polymerase was the first evidence that the calicivirus VPg protein may also function directly in RNA replication (20) .
The VPg protein of FCV is 111 amino acids long, maps to amino acids 961 to 1072 of ORF1 (Fig. 1) , and has a calculated molecular weight of 12.65 kDa (29, 32) . The mature VPg protein is present in FCV-infected cells as an unmodified cleavage product and as a more slowly migrating form (15.5 kDa) that is likely covalently linked to viral RNA (29) . Of note, the 15.5-kDa form is also found in virions (29) . Cleavage and the release of the mature VPg protein from the ORF1 polyprotein are essential for the growth of the virus (28) . The length of the FCV VPg cleavage product (111 amino acids) is similar to those of other caliciviruses, including Pan-1 (in the genus Vesivirus) (7), RHDV (in the genus Lagovirus) (35) , and Southampton virus (in the genus Norovirus) (18) , which contain 114, 115, and 138 amino acid residues, respectively. Two conserved amino acid motifs, KGK(N/T)K and (D/E)EY(D/ E)E, have been identified in comparative sequence alignments of calicivirus VPg proteins (7) . The latter motif in the RHDV VPg protein contains the tyrosine residue (Tyr-21) that was involved in in vitro uridylylation by the polymerase and has been proposed as the site where linkage to the viral RNA might occur (20) .
We compared the calicivirus VPg protein to those of other positive-strand RNA viruses with VPg-linked genomes in an effort to identify conserved features. The Caliciviridae, Picornaviridae, Comoviridae, and Potyviridae show evolutionary relatedness in their RNA-dependent RNA polymerase proteins as members of the proposed Supergroup I lineage (15) . The picornavirus (1) and potyvirus (22) VPg proteins are linked to RNA via a phosphodiester bond between the ␤-OH group of tyrosine and the 5Ј end of the genome (U for picornaviruses and A predominantly for potyviruses), whereas the comovirus VPg protein is linked to the 5Ј-terminal U of the genomic RNA by the ␤-OH group of serine (13) . The sizes and putative functions of these VPg proteins vary. The picornavirus and comovirus proteins are relatively smaller (approximately 2 to 6 kDa) than those of the potyviruses and caliciviruses (approximately 13 to 21 kDa). However, a common feature of these VPg proteins is that mutation of the tyrosine or serine involved in the linkage of RNA to the VPg protein is lethal for virus growth and replication (3, 21, 25) . The picornavirus VPg protein is uridylylated by the 3D polymerase to form VPg-pU and VPg-pUpU and functions as a primer for RNA synthesis during replication (24, 34) . The potyvirus VPg protein has been implicated in translation (17) , long-distance movement in plant tissue (26) , and possibly replication (8) . The function of the comovirus VPg protein is not known, but the comovirus VPg protein is covalently linked to the positive and negative strands of the RNA replicative forms during infection, suggesting that it could be involved in RNA replication (19) .
A mutational analysis of the VPg region from the Urbana strain of FCV was initiated in this study to determine whether tyrosine might be involved in the activity of this region. The FCV VPg has four tyrosine residues, at positions 12, 24, 76, and 104, that could potentially link VPg to the viral RNA ( Fig.  1) . Plasmid constructs in which each tyrosine residue was changed to alanine in the infectious FCV cDNA clone pQ14 were made. Point mutations were introduced by using the QuikChange site-directed mutagenesis kit from Stratagene; the forward-sense primers used for the mutagenesis are shown in Table 1 . The mutagenized plasmids were transformed into Escherichia coli, and the entire FCV genome-specific insert of each selected plasmid was sequenced to verify the mutagenesis procedure. The plasmid DNA (containing the FCV genome under the control of the T7 RNA polymerase promoter) was transfected into Crandell Rees feline kidney (CRFK) cells infected with MVA/T7 (30) . The recovery of FCV was monitored by passage of the cell culture medium collected at 24 h onto a fresh CRFK monolayer. Cytopathic effects characteristic of FCV were observed in passages derived from constructs in which the Tyr-12, Tyr-76, and Tyr-104 residues of the VPg protein were replaced by alanine (data not shown). After four passages, the recovered viruses were analyzed by reverse transcription-PCR and sequence analysis to verify the presence of the engineered mutation in the RNA genome. Passage of the cell culture material derived from transfection of the construct Y24A did not yield a visible cytopathic effect in a fresh monolayer, and the results of an immunofluorescence assay to monitor capsid expression were negative for both the original transfection and subsequent passages (data not shown). We then examined whether other amino acids with an available hydroxyl group (serine or threonine) or a similar structure (phenylalanine) could substitute for tyrosine residue 24, but these mutations were lethal as well, and no capsid expression was detected by immunofluorescence in the original transfection or in subsequent passages (data not shown). In order to verify that the failure to recover virus was not due to defective RNA , and 104 were changed to alanine in the infectious cDNA clone pQ14. In addition, the tyrosine at position 24 was changed to serine, threonine, or phenylalanine. For each construct, the ability to recover viable virus is indicated by a plus sign and a lethal mutation is indicated by a minus sign. wt, wild type. or protein synthesis from the mutagenized plasmids, capped RNA transcripts were produced in vitro from the four cDNA clones containing mutations at residue 24 and compared to those derived from the parental pQ14 plasmid (Fig. 2A) . The migration of the full-length RNA ( Fig. 2A) was similar, as was that of the approximately 5 kb smaller transcript that has been associated with transcription of the FCV cloned genome (10, 33) . The capped RNA transcripts were then translated in vitro in the Flexi rabbit reticulocyte system (Promega), and comparison of the synthesized proteins with those derived from wildtype pQ14 showed an overall similarity (Fig. 2B) . The RNA transcripts shown in Fig. 2A were transfected into CRFK cells with Lipofectamine Plus (Invitrogen), and progeny virus was recovered only from the wild-type (pQ14-derived) RNA (data not shown). In order to verify that failure to recover virus with the MVA/T7 system was not due to aberrant transcription or protein synthesis in cells, the mutagenized plasmids and wildtype pQ14 were transfected into MVA/T7-infected cells and proteins were radiolabeled with [
35 S]methionine (Ͼ1,000 Ci/ mmol; Amersham) for 3 h. Cell lysates were prepared and incubated with p39 (NTPase)-or FCV capsid-specific antibodies for analysis of the immunoprecipitated products by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and autoradiography as described previously (28, 31) . Similar levels of mature p39 protein were observed in both the wild-type pQ14 and the mutagenized plasmid transfections (Fig. 2C) , indicating that the levels of RNA transcription and nonstructural protein synthesis in the MVA-T7 system were not affected by the engineered mutations. Consistent with the immunofluorescence experiments described above, viral capsid protein was not detected by immunoprecipitation following transfection of the mutagenized plasmids (data not shown). This experiment confirmed that mature nonstructural proteins were synthesized and present in the transfected cells but that structural protein synthesis did not occur. We failed to find evidence for FCVspecific negative-strand RNA synthesis in cells transfected with either mutant capped transcript RNAs or plasmid DNA in the MVA/T7 expression system when RNA purified from the cells was examined by Northern blot analysis as described previously (10) (data not shown).
The growth properties of the recovered mutant viruses Y12A, Y76A, and Y104A were compared to those of the wild-type virus. The mutant viruses formed plaques similar in size and morphology to those of the wild-type virus (Fig. 3) , although the Y104A plaques (Fig. 3E) to that of the wild-type virus, with titers at the 25-h end point ranging from 4.5 ϫ 10 7 (mutant Y104A) to 1.3 ϫ 10 9 (wild type) (Fig. 4) .
Certain mutations in the VPg proteins of poliovirus and cowpea mosaic virus (a comovirus) were shown to affect proteolytic processing (3, 16) . We examined the effects of the engineered FCV VPg mutations on proteolytic processing of the ORF1 polyprotein. Cells infected with the Y12A, Y76A, Y104A, or wild-type virus were analyzed by immunoprecipitation with VPg-specific antibodies. The profiles of the immunoprecipitated proteins from wild-type (Fig. 5, lane 2) and mutant viruses (Fig. 5, lanes 3 to 5) were similar. The two forms of cleaved VPg protein (designated the free and modified forms), as well as its precursors p30-VPg, p30-VPg-Pro, and p30-VPg-Pro-Pol, were observed, indicating that the proteolytic processing of this region was not affected by the nonlethal mutations analyzed in this study. An ϳ33-kDa protein which had been observed in a previous study (29) was also precipitated from the virus-infected cells with the VPg-specific antiserum (Fig. 5, lanes 2 to 5) . The detection of this 33-kDa protein differs among immunoprecipitation experiments, and the identity of this protein is unclear (data not shown).
Our data indicate that the conserved tyrosine at position 24 of the FCV VPg protein is essential for FCV replication. This observation is consistent with the recent finding that the analogous tyrosine in the VPg protein of RHDV is the site of in vitro uridylylation by the polymerase (20) and that linkage to the RNA may be mediated by this amino acid. Further studies are in progress to confirm the nature of the biochemical linkage between the FCV VPg protein and RNA and to determine the role of VPg in calicivirus replication. 35 S]methionine. Cell lysates were prepared and incubated with VPg-specific serum, followed by precipitation of antigen-antibody complexes and analysis with a 10 to 20% polyacrylamide gel. Lane 1, wild-type virus-infected cell lysate incubated with preimmunization guinea pig serum. Lanes 2 to 6, the VPg-specific postimmunization guinea pig serum was incubated with infected cell lysates prepared from wild-type virus (lane 2), Y12A (lane 3), Y76A (lane 4), Y104A (lane 5), and MVA/T7 (lane 6). Lane 7, mock-infected CRFK cell lysate control incubated with VPg-specific serum. The known precursor proteins containing VPg, as well as free and modified forms of the mature VPg (29) , are indicated. The 33-kDa protein is indicated by an unmarked arrow.
